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Abstract

Two studies weretooimdiesttedate the biogeochemistry of
the first projecthydgeitsuwere examined to evaluate minere
precipitation processes occusoingsatuthennuggernface. The pre
dissolution pits ,dcatwritaeionanas well as acicular, iron oxid
grain surface evidence that this interface is an important
chemical weathering. Element mapping revealed that structu
can be linked to nmofedtuloegsican the grain surface. In the se
soil bact€rupmavidesalliduwassreacted with aqueous platinum
and rapidly immobilised platinum. XANES/EXAFS analysis of
demonstrated that ptatimound htlortihe bacteria and platinum b
from chloride to carboxyl functional gréupestaliEdMwiasvsealed t
able to precipstatle mmlloidal platinum. Both of these studi

importance of nandpdw@gpdatinum compounds in natural system

Keyworgsatinum, surficial weathering, Fifield Platinum Provit

Cupriavidus metaimdualinssation, secondarpimmeaealabiganion
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Chapter 1
Introduction

Platinum, one of the six platinum group elements (PGE
osmium, iridium, palladium, ruthesilhmghayndaohghkiuvariter beca
its physical and chemical properties (Macdon&ld919987; Nix:
Platinum is resistant to oxidation and corrosion and it is oft
and industrial processd20@®@Jaekinbmsedhemothemdapgs like
cisplatirmlansed in the treatment of(A&deode rla200H B e
price of this metal has increased over time because the sup
pace with growing demand. Platinum is among the rarest
cooentration in the lithosphere typieallpypbranige $sbddom
profitably, platinum deposifsldequit®o@®@Ded@0chment over bas
level concentrations (Mungall anctNalkdre@).2008reKlhak been
increase in platinum deposit exploration @nye aeslkemtitelr over
understand erarticthanhent @soxred sto discover neowtrélseugerssis

of many platinum deposits remains unclear (Maier 2005).

1.1Platinemrichment in the crust

Princip&lBbre deposits arenfegmadid,yhydrotheltmailgl and
procseess (Macdonalldynedhrsg. botlicesst most of thleassoeldonomic
deposits with an avefrad®@ g/taogsRd ppnmMixon and Hammack

1991The genesis ofdmlmdsntmaficitramafic complexetheincludin



primary deposits that Iguwealripéadermextricably tied to sulp
chemistry and the processes that transport platinum and sul
crust (Macdonald 1987 MMmageall200d Na)drett 2008

Platinuimh depoasié generated when sulphuracthioerstrate s
the available platinum from the silibMatierpd®bmg @ifl andelt (
Naldrett 2008). During a metallogenandewdatinahme medtphur
ascends from the manitkecsastcwhtore it becomes trapped. On
sulphur saturation in the magma occurs and an immiscible
accumulatelse bottom of the magma clsamphbheatttesshbrghly
chalcophile platinum into theheoicbng(Maliphi@®05; Mungall
Naldrett 200&;t o2kl P)atinum sulphidesinfremystallization
stepMungall and Naldfetés20h&)gmatic processes often form
platinbmaring reefs within large nrtanrttandafiivedtmuaions (Mai
2005AIthough poorly urdeanrsttdiedmal brines scbsegaese
redistributios(MuBR&&ll and Naldrett 2008).

Alluvial PGE platters weatheredcomutcefmormcally zened mafi
ultramafic "“thpeskar “typal" (and to a lesser extenttypph)olitic "
primary magmatic intrusions that were formed by processes
abovdalcdonh98 Niixon and Ham9tatk|$0gkhmdA005Koek al
20100 Alas&kmadratype complexes intrude intdecomltdednballtm,ob
cratopadtform environments and trawgideonal Zdmetsneanal

Hammack ;T994tykthad005).



1.2. Platinum placer deposit formation

An important sournaenofisplfaom placeéGadaepotsidad Basset
2005)here are severdlewmpeesdntdlluvpdaceorovide theitmajo
ofplacpratinum (Mertileh&®6G@ation of an alluvial platinum plac
begins thi¢h extracfgbatinbearimgnesadlom source roedsaéxpos
or nearEdrehssrfaoekt al(2010) describes a prbatessanvhereb
minerdtenprimarmagmatic ddpgpidgearp)latinummmneradighin
supergene and latenigipreia(Betas of seconc@arycmmreeartal
experience chemical and physical nweadhmrany. fOotdrethien e,
platiniferous mp@hgsiallilyy and chemilcdéldm the source deposi
and wadhinto streams iwbemeentrated, deposited and trap
gravitational sorting dntthehw dde¢eircmratone syoome cases platinum
bearim@aterial is wematbetwed lighter mineral fractions are pre
eroded aAlagoufhasddratlype gmaatic intraseoonstemprimary
sourcefs placer platinum, other typteruasosbmsagamtgenerate pla
Platinum minerals have been documentedinmg dh@tvdalrnsedime
reebd South AfBieahveld Igneexsw@Goenepdhlad's largesbfreserve

PGEsre hothMeedcleeral2005).

1.3Platinum in supergene systems
In allupliakcers and other surficial weathering profiles st
the propeditions for platinamo@astobPllisstinum can bd remobil

from exposed primary magmand ooedudhe poigitsfecamtd ary



enrichme&motwlés 1A8&raet al2001; Hanley 2005). Supergene el
and laterization areipronskesesadfweagthatienprcmary ore
deposits containing subeconomic cenotehitdasiorisuidlh emte tlad 8 6
These regiommmonly occur in tropical and semiarid climat
temperatures and humidity promote chemical oxfidiaetlion (An
waters above the water table are able to leach a large volu
redeposit them into smaller volumes of high grade materie
(Guilbert).1986

Pyrite {FiesS the most common hypogene sulpicide and
enrichment that takes place in the supergene sthrashewith the
metalulphides (GuilbheWhEN8@&xposed oboygeatdr,iron/sulphur
oxidising babbereathe water tablegquercssus Foums(lds Q)
and ferric s(QFgBSd®, which in turn act as solvents for ott
sulphides, including copper, zZiManmsilVdvded §®BdDbIbert
1986; Enders 2000). Ferric sulphate is redwfedutiondetrlmeus s
oxidation of other metallidsswllykid aset@he will either be carr
from the site of oxidation by meteoric waters or will percol
(Anderson 1982; EnBecaud@imum and agreldsigmilar chemical
progrtias,is reasoocebdetleat processes respomabbllie dfonhe
gold are comparable for the dissolution lan flaoti,g pdaitonuot sl e
more easily oxidised and moreisclkulal evithe nc agog t;i @ ihes
favourable for gold dissolution sdwodibchodibkey,fatheyrable for

platinsolubi(Bgwles ;1€&betlal200Reigh al200.7



Acidifieerdd oxidised waters deslcelmid andebedmwa that
lackhe targeal . mAgn insoluble mixtudesofiiéoous-siubmhates
including jdKd£i®e4)S ¢).), ireoxyhydroxides such as goethite (F
anthematiteO)laee also formed during tlyeitexidadioamafimp in the
leacheap, gogviit the characteeid taparasitee (Anderson 1982; Er
200 Sdezet al2008). As evidence of this oxidising proce
oxyhydroxide <coatings have been found Odthenpdatichum nuc
AugusthihusBaabgds 19&@&e& e al2008).

Descending surficiay oxadessdcaretal below the water ta
where redox conditions favour reduction and precipitation
mediates deposition of the ores as it readily triomsfeafs its s
other metals. These metals usually have a stronger affinity
strip pyrite of its sulphur. Much niktalbitc tbel pshuidfaseare for
however, they are nhroartedcascagghergene zone. The ar®dic wat
neutralised when they come into contact with carbonates an
This process is cyclical and ongoiagelFdb dbtuweawaheft b e
physical location of the (ewerx tbmandargk bhandkedd mfeeal

can form and be of economid(AatieeswheiiOBdaeress 2000).

14 Aqueoudstpnugerochemistry
Platinum is mobile under suplugbsaeandni ot8ewkl®s4 ;
198&;zaroe&alad001). The platinumadonaéntadérs is 3 to 6 orde

magnitude less concentrated than in thleighémosagluerceus ho



concentrations aaxeisdtepedde namgéaocfoBareft®97; Mungall
and Naldrett 20088 alR0&Q; Kubeakahall)Surficial water flowin
through areas with elevated éeegepsrimamgdasiencomlg@aoysits
and/or their mine tailings, would presumably have more pl
waters draining areas lacking platinum epnicdmteattiorhoanfev
platinum is also controlled by its salorbdstey .piTdieereiésxod ntdh e
aqueous medium as well as platinum s ability to form the
complexes with ligands commbedyi dowalk resf fe dtisigselution,
transportation and secansatipomlias 1986; @olarhz08;
Kubrakevaad011l). Furthermore, hydrodynamic characteristics
wildlso inflaeaecgration of dissolveKuimraaleawtvaal0 1) .

At standard surface water tempemtoaano2beClramlsaponte
asimple agueous ions except at extremely oxgdnsinagtignd acic
must complex with other dissolved ligands to be stable in
Wood 1988). Complexation is an important process by which
cations bind to one or more negatively charged anions ot
complexing species, concentrations of simple metal ions a
solutionsldwoamain too low to form economic deposits. Or
complexed to anions in solution, however, can be concentraf
generate profitable grades of metal (Hanley 2005).

The literature lacks reliable expermaregeadndlataadmnlity
platinum species and complexerdithahteas (Mrountasu and Woc

1988; Colem@ad2008). The predicted oxidation state for plati



Pi*as showlhqgumtiqmdnley 2R0%ery oxidosidigions, platinum ca
exist aBt'don buwrt'is the more common aqueous species. A:
experimental data relating to the thermodynamic stabilitie:
systenelatethibs particular oxidHaerbeyst200mMhb@&01al20)0.8
Platinum pfefers oran fcovalent interactionsuohithsanohdasine,
cyanide, amydesxibesylphides andaehi(dbsadphain and Wood 19¢
Vliassopoetoal1990). Complexation, however, depetnds on
platinum s preference for various ligands; it ultimately depe
the transporting fluids and the availability of ligands in agq
Rose 1974).

Plsyt %20 H'(adj Ptlagr ED (1)

In oxddig waters thigthlacedic, common chloride anions c.
stable complex®amdith{tFRutchs and Rose 1974; Bowles 1986; M
Wood 1988). These reactions are gidanire\yEg0aboomsto2 and 3
al 2008 he aqusPd*compound$, PLCIIPtLCare known to exist, bu
PtGlis the predominant anion at 25°C (MoAnaaoneadmd Wood
2001).

Ptlaqt €ladi Pt(&(aq) (2)
PYaqr €ladi Pt(Otaa) (3)

In oxiadigenvironments with more basic (less acidic) cl
complexation witdesypossizafowedal al200Colonelhoal2008).
Equation 4 shows a simplified rédbypdiory(Wowmsl 4199 hlways pre

in water, especially in neutral and basic waters, and platinu



predominate onem pdatorddmpleyvesnr when chdoniate limiting
(Mountain and Wot\o®®88992; Azaeoual001). Agqwdbus
hydroxide compounds inAu@daRdOPttOMW)s pH incrthdases,
predominance of these compiexbgdsbxfitlabed species (Mount
Wood 1988; Wodd ard®h|ad001). Mixed kyhdoorytomplexes are

considered to be unimportant for platinum mobility (Mountain

Plagr ©Hadl Pt(OMYaq) (9

Depending on the concentration of other anions that ca
Pi*cations, aqueousrgkatinumrboxylic acids can Woddlise pla
1990 anley 2005). Humic substances are components of n
normally fimsopdl and Watrdord xfunctional groups in humic acids
abundant oxygentaedg whesolved in neutttad watkosylic acids
become negahiarggddcamreact with platinusoltbleorpiatinum
organo coesplatdb platiaugmanic coMlaisilsopoeul@adl9MWopod
1990; Webdl992; Kubraekoa2®d11l). Humic slmstanxle® been
showniherease the sftadbmotryphous, PV(cdHH) 1990; Hanley 2005
Despite the facitnémalt nydes form stable complexes with platin
not abundant in nathiwatheahenrse., their solubility with platinur

insurfiowalters by hydroxides (RA@&hs drodi RRase and Wood 1988

Bisulphide would be exepsenhedatsigaepficant portion of p
complexes in-rsahpBupergene environments, however platinu
when conditions are flas@hidimenbtdion (Mountain and Wood 1

There are, however, metastable ehosolshalatcroumplExkes that



form oxiddand acisdiipha&tevironmexnshony and Williams 199:
Thiosulptamepbexoamppears to be important during the weathe
bearing sulphide oresnythetebdredatinunulphiaates in alluvial
sedimeansining the Bushveld complekicamuldgeentaosighatinur
mobi&itson within thes(G dledhesies WOB8Bt al992Anthony and

Williams 1994; eMeath@OGEpuation 5 depicts ththopnywoaamsds (An

Williams 1994).

PHaar 4 80:Y (ad] [P teSshl*(aq) (5)

These aqueous platumds xoemfpranspofieidalbwatelrdhe
solution encounters an environment that favours chemical t
precipitation. Subsequent deposptooatootwnBwwlers 1986
Wood 199Chemical transformation involves the formation ¢
metastable dissolved pladiguan pclamplewx,chloride compound
transformed to a platinum hydroxidhlepiemaiteesd wheetie racide et ¢
basic lakes, rivers or ground water (Wood 1990). If humic a
agueous system, an organic matter protected platinum colloi
1990; Wetodll992). If dissolved platinanthis newtadgime, it may
chemically reducoeantto elatinum ando yptrecfipsodtBoonles
1986)It is worth noting that while a number of aqueous p
possible, the kinetics of the reagrtegmeimayplbgiclibime to occu

unlesatalysed (WestVWoddl9890
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15 Formation of secondary platinum and platinum grains
Placer platiommonly soasaurplatimuetal gldogplatinum
grains fAbasdlaxal type complkdaisermeathering profiles comm

occur as plaonuall(@yswles 1986etCaab9P6; Tobkdtywkh005).
Thegeains areoofmeinin deposits where no nuggets of that siz
in the midframafboerceck. PGE igihedsts rocks are commonly < 5(
but placer gnabmes wp to several(Boewmltes elt986 ; eM ed 205 ) .
This increase in platinum nugget size from the source to th
evidence that platinum nuggets cgo Sg@rowmtdaagydmindealizat
(Cousins and Kinloch 1976; Bowlead OB EbeR0aMIODBL) i s
thought that elemental and alloyed platinum nanoparticles fc
grow through the continual accrattiowng ofevahertpriogipiplatin
metal alloy Boailres (1M&6¢chetr al200%F abealal20)LAs iron
freeywailable in the lateritic zogeo uyxlatfirsworhu ciom PetBald form
alloys (BowlkslIi38®Hy be fair tlhaspkicssbdiveed coppemnuhdlaterite
combiwetiPtFe alloys teohoenofPthe@C u grafiousnd in placers (Cabr
et all99@rimary high temperatureosacm@gigmsatindhpdrothermse
alteration, however, canaottbeueadé dhelbteypbatingnmains
(Slankestyall9 Clgbet all996, TeluMel@bety al2005).

Mineralogical and petrologic studiesmeadhilabHlUoiesl paaeni
shown accretionary zonetshefpgrophtdryrof softa mmuiogets.
Tarkialm{&)otehe presence of platinum growth halos around

proof that this procddkewczeirsBowles (198®%n apsmareites
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overgrowth of PGE crystal faces on older, we¢ad(l2érleld) grains
findshat ioxiyhydroxidesifosmpeargene environments from the o
iron sulphides could preferentially scavenge inorganic PGE ¢
or adsorb them to their positively chargeyhgdréacds. Mixe
patinum species could be transported as colloids in the envi
sediments.

On the other hand, spaléadliamnalhoy grains show alterat
suggesting that the nuggets are "shrinking" andesadergoin
particular grains, the periphery has experienced selective
platinum. In essencepdhadibatimguanins are becoming enriched
as they are altered and weathtend2lddw TebCaIBOAB jire z
et a(200&)escritheghly irregular and fractured shapes of so
supergene platinum nuggets as ihurstithdte eatiibence wkatherin
profiles.

The alteration of placediglsadiowsopgrecipitatgoowatidof
grains, is the subject of ongoing contToaeedyal20hs).litera
Furthehraracterisationneftalheissprleicipntation processes occurl
the nugoelt solution interface needstdofibléy enmtcdmntc k eme

geochemical cycling of platiniferous material in surficial wee

1.6Gemicrobiology of platinum
Changing chewmndaltions within surficial weathering cond

placers or supergene/lateritigniflice@msitehvarrennsental factor
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promote the abiotic dissolution and precipitation of complex
role the biosphere plays in platinum moillatynusmpoeactyiwirtge
with bacteria is largely unlknioewmn dxepearue nvtesr have been cono
study this intdracduxcim., any futureucwedktcoebucidate platin
biogeochemhostuthd done in relation to owrf ohller shadsdnig
reaction systems.

Microbes surernvemoants with high metal concentrations b
have #tbelity to either use these nast@ldr¢ ob mipeoiunfestabolism
sources of nutritionoantiegnargydiilgatetoxic ef{&ectieh
al 2009). Metal ereisisgemetically encoded and involves a
detoxification méEhlavreism896etRel2thhO¥p have any toxic effec
metaldiections must first be interavatles etdh.e Tdedy gansively if dri;
a chemiosmotic gratdvehy ofr the energy molecule adenosine
(ATP) is expended during transport. Once internalised, the
necessary for normal cell activity or compedaet wotth othe
physiological (ddeivifiy 99gathbini requires that trhesucratlices are
and/or expelled from Néetredcdatian requires that the toxic ¢
chemically reduced and/or complexed to other ligands at the
Commonly, these produltks aretariscothemselves so subseque
may still be refgfluxedystems pump out ions at Cleetaxpense
cation/proton antiporter proteins within the cell envelope ca
energy gradient thattexiehyv alommes o pume oatiomestalnd pump

in protd@isver 1996; NiRs D220 9
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The ability to metaledoisidyometallic compoundto allows
participate in a number of reacsioher iaxamhqeieamreekalown
tocatypde reacticnpeingenete®snger and StunEmdke¥ 03l
2006)Acidithiobacillus thiaoxsdidpkur oxidising abdcterium
Acidithiobaciboxidggasn iron and sulphurav&eediseshown to
conbrite to the formation of acid mine drainage by generat
oxidising pyrite faster than the abiotic rate (Singer and S
Suzuki 1989; eEndé28606). Symihemserobic, chemolithoautotroj
bactehisave cadentributed stopeéhgkeeechimfg copper in the Morenc
Porphyry CoppernDAepasi& £alculations sugigeastkihagrams
of bacteramatnivled0 *weathemihogck withen depositd mobilise
between 0.048 ameef copper eacsh pyeerdrof their nEetddrslism (
al. 20@@)aerobic sulphate redogntdgibaxdedimine deadnage site
sulphate crodspas @fatheir metabolism, forming metal sulphid
(Donald and SilowWiEamees al200&Endees al2006) calculated that
approximately2 20f all coppéboltdhaabedatically anfdobnotheally)
Morenci degoosdid be fixed by sulphate .r&8dusircg ulpdedewath
inorganic procelsentribusaept@rgene copper enrichment.

Microorganisms are involved in the biogeochemical cyc
metals, such as gold, atuwndafae e ordintd ersa(XHDi%h Southam
et al2009)he formatidacef polAusnralia, Allmdkehe famous
Witwatersrand in South Africa have been aedtrpduG@®intdo bacter

references)tBecausédgand platinum shareewertyvsiymilm agueous
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systemederstamnkdéemgeractions batwerma and gold could guide
work imtl@atinnmmcrobe interactions (Bowles 19t8@&;19Bl0ssopoul
Cabratl al2007)

Numerous |aboasedrexpemamventshown that bacteria are
precipitate gold-ricdmsghd@@onoshamd Bevelidysed I ®Reitet
al200@engle al20l@6Lengke and Soutlbamti2®d@7and Beveridge
(1994elated the formation offorcmatimedirtay dpalcteria to octahedr
gold foumdplacer itdsmpoWesteuntralia and the WiWWidsensrand (
1984Minedrall99Bj)lamentous cyahekalsterhaen used to precipi
gold atmeé morphology of the ennoriusitthes heepodergald grain
found in the WhtavdtesiargdMossman lahdieh gkeal2 06T his
morphology isbtechd®dmndcanning electron (IBEEMgsecopmall
nuggets from gold deposits have revealed grains coated w
particles that resembtedt@godlbdacteeita a(R@0tth, Soetham
2009%ulphate redateing have beermhsehhovalty reduce agqueous
to elemental gold nanoparticles. Further diagenesis of these
scale octahedoalldgmigke and Soutfamad@o g)neixperimental
studies provide Ewvatdraxcteria can participate in the biogeocl
gold and could contribute to the formation of secondary gol
(Reieh alR00Goutranml20)09

Research @oodabaenedieated platinum imanod ipilssacteon
formatisinits infalRicooneering labasatosytudiersgke al(206

showdgttat upon exposure to aqueouscyd@atihache dpeede s,
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platinpmgducspéerical platinum (11jp oegigpreiat b aaieoel ater
reduccimtarystalline elementAl relcatnnufmnding dédty ad(@®rial)
supports experimental evidmredeatleadt practi@itation is a comp
platinum nugget fophaxtaBsckecadtectron moareniregctedn
microsc¢BB-SEEMpPf small alluvial platinumevegadaemsichaes
morphologies that rtesemrbdeugtleed baddterigmme of the first
evidemdebacterioformipldhimumefateir@authors propose that ntu
growtstarted with bioreductoorntoof phatcrmb®m covered decayin
rootAs the nugget grew and microbitabh aetevety eprtcc erediedfive
microbial activity concentratedvioticthprecupgpeltidissolved
platinamdubsequent electrochemical accretion of elemental 1
growing grain likely worked in conjunction with bioreductior
and micnodekiated precipitation were neoe mpuotcadyesexclasi
mechanisnesoweglementary and bdth poattimbmtdporamation in

placer deposits.

1. MHypothesis and study objectives

In order to improve our understanding of the biogeoche
studies were conducted as paptamfutrhms ihi@asibe Asssipergen
environment, signsaofd pdhyesinmadtmegrishould be idemhiéiable
surface of placeAlspraasmicroorganhame proven successful
immobilising agqutlhesshgwlidl ,be able toimpltdye a@irmdecumulation

weathered fplausi material. FQQupxiamipdes metaldidgmans
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negatiwgepdecipit@tpmgteobacterium found to be living on the
grains obtained from auriferous soils in northern Queenslan
Gold Mine and the Hit or Miss Gold Mine), was cultured ar

platinamloride sprdhets al2006; 2009)
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Chapter 2

Surficial weathering of platinum grains

2.1. Introduction

Platinum, fotthe six platinum group elements (PGEs), is a
resistance to oxidation and corrosion has made it an ideal c:
and automobile catalytic converters; yet, platinum is not co
1987, Nixman HhRammack 1991). Platinum is mobile under sur
environments. It can be oxidised, dissogwedpdcomgpdekxed to
ligands, transported, precipitated and deposited (Fuchs ano
Azaroealal2001; e/aB005). Proper conditions for platinum rem
commonly occur in alluvial systefhaseandc sepeirgeameents (Bow
1986; Azagba#l001; Fregtxiln2205; Hanley 2005)

Alluvial platinumymirceeidgcur datipdinon alloys and are
associated witty plel ask-dympeel primary magmatic intrusions (Boy
Macdonald 1987; Nixon and Hamematkoa269 Il,o &ankih005;
Koekt al2010). Thesecwslalyr mafic/ultramadire cosmpléxes 10 km
in diameter and are neefaeanfiowemdtabnic arc sutures (Nixon
Hammack 1991; Teluk 28t0420059tyWhen platinum bearing ho:
weathered, platiniferous material is physicalhythedsobeaeica
and transported in fluviglavadyg messituomnildttermsatively, in some
cases, plétemauimg material isnwaadbdeligdtter host rock fractior

eroded away, leaving a resid(kéeke EdB8ILt0OPf PGES
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Favourabhemical and biological conditions for metal
weathering commonly prevail inatrédpctienhades (Semdierson 19
Sillitoe 2M0%)lisation can occur when the chemical proces
enrichment aiedtiate extract metal from source rock expos
surfaPgrite FeSa common mineral in supergene environmen
exposed tg waygeniramdand sulphur oxidising bacteria, it can
acid6H)) anadrfie sulphat®{Fethe latter of which mobilises ot
sulphides including copper, silver and gold (Mann 1984; Bo\
Enders 2000; Sillitoe 2005). Surficial waters dissolve sube
metal and claetgwitthe water table where itdéposubesckgnently
economic concentrations (Guilbert 1986).

The acidic and oxidising supergene waters that mobilise
could presumably solubilise platinum bechueidiatichuamd s |
more soluble than gold (Bowlesal2®®6;; Kwibhn007). To date,
howevmineralogical and petrologic analyses of platinum grai
explained the alteration processes affewcsenglptaeacegrpalat narre
commonly larger than the source rock theyrmarargieedvéldatron
platinum grainandrawdergo secondary mineralisation (Cousi
1976; Stumpfl and Tarkian 1976; Bowle%9419B&g b6 }.
Conversetllyer ostudies indicate -dhaty plrainsmaceptible to
dissolution andinsweiatthering enCabresd @mi2007; Tebawlé

2008).
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In order to fully understand thé ecardmiageasifnpdatinairal
weathering environments, further characterigreacopitationner:
processes occurring at the weathering interface needs to be
chemical evidence of these processes asimsuad cebie ti cern pilfa ailml

and detectable using electromyiecmossiomy sgprecctxoscopy.
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2.2. Material and Methods

Platinum nuggldexcteyd gravity sepgaomtighnatiniferous and
auriferous soils near FitielWaldsw Auwomiendiaexamined to
characterise surface weatbeonimgcplleceéisose,sgrains were imm

submergedaygl@taraldehyde to chemically fix any biological m

Description of Fifield, New South Wales, Australia

Theifield PlaRirowimm(Eegure )Asdn area of past and current
exploration and excavation located 380 km WNW of Sydne
Australia (Jtomadan989; Aredreaw995, Teluk 2001). Alluvial and
platinum and gcocslumea go be genetically linked to a 500
Devonian ultramafic-tixpaeskattlrsailons that intriredantoiahambr
metasedimentary rocks. An Ordovician paleosuture reopened
result of crustal exteagsibe Laltdiwan Orogenylaonyd lpdatingm
Alaska/Ural dunites and peridotitesewvearl298@plAarddaywJohan
1995; Teluk 2001; Gray and Fdshd202004;SKbe&quent period
eluvial weathatreniga(Fogure.2)and fluvial erosion have rewc
platiniferous material throughout the Cenozoic (Tedek 2001)
thought to be primary, having been eroded directly from
Howevermgrianary source of minerasiesagranndohath not been fc

(Slan®kyall991; Teluk 2001).
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Scanning electronymicroscop

Platinum grains were dehydradel8QRgidgipard B X
100%yethanol series for 15 minutes at each step. GQedains wer
using a Tousimi®\BBBddiier and placed onto 12 mm carbon
(Electron Microscopy Sciences [EMS]). Samples were osmiun
5 nm with a®©RE8MT osmium plasma coater. Osmium coating
reduceample charging. A LEO 1530 fiebta@amisgiomegirmn
microscope-SEFMEGIniversity of Western Ontario, Western Nz
Facilitygd Zeiss 1540 -XBM(FUEhWGversity of Western Ontario, V
NanofabricationakRdcaliliyijssd) 6600 AnalySIEMIURE Rrsity of
Western Ontario, Department of Eaméré&S aieadetn 22XRMmahg tt
platinum grains and -pesdlwcteohigihicregvapals.platingm grain
representing the diversity of mfocpalo mgacherand baatures ob:
in SEM, were selectedhdoacteribatOxhordninstruments INCA?>
sight energy dispersive spectrophotometer (EDS) on the Zeis
Xmax Silicon Drift Detector EDS onSElw wWeteachse&sdJf66®Ieme

identification.

X-ray emission spectrosagpAbasodpXion Near Edge Structure (X
spectroscopy data collection and analysis

Two platinum grains scrEBrseavdre SEMcted for further e
analysis aRadifec NortRwesortirvmyXScience (PNKIBSD)
Sector -2@sertion Device beamdtineneadtiPdhoton Source, Arg

National Laboratory, ArgtisneX-ralinoomission spectroscopy
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conducted to map the elecrernhaisduriboei®omf-thg @maismsdo X
energy reference values from Kortright and Thompson (2001
elements present daralpebsecamtson Near Edge Structure (XANE
measurements were conductere sat tpodretterariinet the oxidation
iron. TripKA&tES energy measuremkrtsg® fwtdree Ko llected fro
each spot and were compared to the inflection of an iron ref
(Williams 2001). Beam energymuas cfetl@30® m¥xs0 that osIr
would not be excited.

Element mapsrayndemnXission spectra were analysed usi
InstrumelnadVIEV®D Scan Plot v. 4 and NationedVisWruments
D Scan Plot v. 3. XANES data was prolyesss eslo iy ayEHENA ed
and Newville 200K)edDleofFetehe samples was c&mdgeedfto the
the reference foil. Sample edge enérsgbas lifghtee foiln(ahe7 Fl

eV) indicaitktised iron

Micr&X-Ray Diffraction (LXRD)

Mico Xay diffraction (pPERD) platanum gralie cwad using
the Bruker AXS D8 Discover microdiffractometer in the Depa
at the University oftaWiemstdmm sOimstrumelk-t usesadido source.
An omega scan was performed from 7.5 to 45 degrees, with &
and a beam size of 300 pm. Data w<sl ABID2 dteeté@ cuserngna Hi
associated G@A®MSal Area Detector Diftfobtot ageke @Erypstesske d

using Bruker s DIFFRACplIu& aVMA reaibwmaed.intact for analysis
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2.3. Resultgszudsdon

Examinatiomllofnbgget morpholdgoiadandeaturering texture
arounhlde periphery of the p(atiEmgorzg¥2adnsa generally in good
agreement withetSlka(lk®91l),coumoluded that pgaate n ughad ms
Fifield are primary (magmatic) in nature.

The ovamalpholoofiebe nuggreaexdnsiderably. This heteroge
suggests that thee gvabpsctead to differing degrees of chemic
weathering. A number of fluvial andflfetetra ti d heen FiifoaldeR katin
Provintheoughout the Cenozoic era and thehdraetsei edr phyol«
this and previaespwotdly indicative of those conditions (Teluk
grains in Rilfumrend FiBgBAeexhibit more rounding and higher
while the grain 2aCFigureeunded but has low sphericity. Rou
projections domineteftheesbepin 22 AHguuR8A shows a sub
angularfantded grain with lowngbbeearcotw,danetlest crystal
face or a plane ofThveakmews. in2FCquide FigaxAindicate
impressiolnds vbf microcadererystalsetrtoaltedaayway from the grai

Pitting, cavities and striations are common on the sur
demonstrate that- sloel ,siodgeiton imaternhageriant site of mechar
and chemical wdatheratgoumedcaldessolution pits and cavities
observed itefided with saganiclays frometlversmoment (Figures

21D and8A)ong parallel scars meainhien ;F2aummd may relate to
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Figurel A:SEM micrographrodndesdbplatinuB:Mateegde;nted and
scratched stirhaggetimhilAed with clay and organics (darker gt
C:SEM micrograph of a deemplyngetteplasubudyetigher
magnification SEM micrograph of a region from within the
relatively deep cifdllled with secondary mineral grains from s
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Figurz22. ASEM micrograph of a heavily weathd&ré&EMIatinum
micrograph of alloyed grain. Note the absence of deep ero
oxides and cubic OnbBEMalmigrmaoph of squared area in A. A |
acicular, iron oxides coats theDsSEfdMcmiofothireagmaoh.area note
C. The spectrum of the acicular, IEorCexidmsigspséaoevnt im th
samples. The inset is the XAR&EShspecersencie of oxidised
indicates this nugget was in an aerobic weathering environm
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FiguR8.A:SEM micrograph of a weatheredpMtimono graph of

area noted GnSBRM micrograph of squared area in B. Note
mineraDsand&:lron and copper element map of grain in A, resg
rectangular area in E, which shows a strea& biiecoppperthat
rich cubic mineradsSEM Bmjicrograph of cubic pits and ED
comparing the elemental composition of the bulk grain and
The bulk nuggdteislboPt(with trace Cu, Ni, and Rhalsvhile th
show elevatedGcSgpMeand EDS of the acicular, iron oxides. N
of Ce. Scale bars in D and E show relative element conc
upward from low concentration (black) to high concentration
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the prefdrememrhng of osmiridium $odmtiohe oéxosmiridium i
isoferroplatinum, as obsertvaldli9p Bilquiltiesy an B3Cs.hoWw50
nmsizedubic minembledded whehisurface of thepgesaéem.c el hoef
thecaibic minexahsling out from the surface of the platinum
with sinsilaed holes in the saBfRces(figaises that they likely
out from the grain -CGelgasiimyg iRto the émviromemedsal of
these reetsHanophase mateoicadsr wooneld greater distances than
grains and may contribute to the development gfraadianger dis
from these grains

Redrange cobdumgls arblhuemdoeriphery ofwéeee gtatesmined
to be iron .d&siichgs SENMcuaaron oxides wepeirhaunly within the
clay patches and directly affixed tostlReC gadasuffgeee (Figur
23Q. The morphology of the iron oxidbestweashigjwhirs ifferen:
suggestanhatray of insolublpoigesamsekidewarious hygodmation ste
these placer. Lugmoaise, goethite and other iron oxides and hy
found on platinum nuggets (Ottemann and Augusthehus 1967
al 2008). Edispeyrsive spectros@Egn(digighe® and XANES
spectra (inset2fE)geoafirmaed chiaon existed in an*'‘sxadesed Fe
and was likely bound ht&-eodkgyeg d n cagtedoximately 13rgy up ene
from th®rdference standacdtive’ s Eei(@s Day al200The
oxidation of iron promotes the formation of acid through the
could contribute to platinum solubilisation (@upbrercul@B86; S

the precipitation of acicular, iron oxides immediately on the
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produced a local acidic interface that could have contril
dissolution and the release of additional iromnfeamatidle grai
below) (Guilbert 1986).

The placer grains were determinadatbo pe PBRYuUmeihh
less&mounts of copper IimXtRBF ngathkda gwas performed on the gra
in FigRiB3A in order to determine the mubhecaslogygtafres, howeve
bulk nugget was sampled amsofdonopdatesEuee which is
consistenBhans$kty al(199Clabet all99%)jace amounts (mfonickel
showand rhodium were also deitocnteglt Wlatennoted ey Slansky
al (1991) as being the most common mineral in the Fifield
mapping of the grain sR8Awmwars Ebgwrected. The F3Dap in Fic
and the Cu map 23t Kilgwardy resemble rtdifel @ wsdr@awin pin the SEN
micrograph. Element mapping of the grain shows that a ch
linked to morphological features on grains. The Cu map, in f
copper highs (squared area) that correslpeadsgtananstraegakino:
Figur23B anaBC. These cubic minerals have a higher copper
bulk grain @3FQuaead their exposure at the nugget surface su
more resistant than the bulk grain @as dossdéueiotre.d Nog kleD Sv L
was found in small quantities using synchrotron radiation.
found by EDS but not detected using synchrotron energy. T
these elements cannot be defdmui¢ivtelythceonryferire ety -and 3
dimensional nature of the sampuédshalecaffewbied electron sc

and detection. Nickel and copper, however, are known to rep
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iron in reducing enNWMedomerndak005). Levebsdiaimrinave been
detected in Fifield placer @rnaaiGl®Yylplalralkcye amounts of th
earth element, cerium, were found to be associated with the
reported by Andiled®5) as being present rinsswan eooiptileexant
Platinsmphide minerals were not observed in these grai
consistent with prior studieasl(h993l)ankbg original magma me
likely sulphide poor and any sulphur in the primmablBGM sol
replaced durorggeast metaaoncatusadn have been weathered aw:
surface con@ioilbas all1989; Andirewl99F reyss=netl2005;
Sillitoe )208B%drothermal alteration of primary platinum mine
not explainth@hatinum hosted in the Fifidldcooered ricokdate)
micron sized while theermdlaveamphsuredsionrnfrldchieotne thereof
(Johah al1989; Slanak991; Teluk 2001)-foldisntOéds b een
attributed to the dissolutiomrencd psudtsequaemd aecretion of pla
alluvial anididategimes by sevyergl @Qoaspss and Kinloch (19
Bowles (1986) ared Bb9ddowever, the structucal amalbehem
of these grains does not support the growth of platinum
proceqdsSdanekyal991). Only when the hard rock source of Fif
is found will the diagenesis be better underctooehtddrimow,
this study and similar studies clearly show signs of chemica
at the nugogelblutiomterface. The grains are dissolving from th
the weathering products are being mobilwlkerantbeyheaanvi

participate in a variety of abiotic, and poUarteasityarbd otge, i



35

these reactions is key to improving our ability to recover p
and track its movement in nature, leadinmrgds ok whis npdriesciowes

metal.
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Chapter 3

Immobilisation of pl@Guaipruawvibdyus metallidurans

3.lntroduction

Microorganisms are ahileddo ahwnvaeiety of extreme con
including strongly acidifiedicdpilminerdlnsedalzoateadQBders
Reitht a20099o0meetatlolerant bacteria in these environments al
out a niche existence bgbleime ttdle aanadarmb&itaiing compounds a
sources of nutrition ancteaz009) (RAelittdrnatively, some bacte
invoke genetically encoded detoxification mechanisms to mi
metal concentrations. Theselvetemetalanreduction, complex
precipitation, efflux or a combination thereof (&tlaér 1996;
20009).

The biogeochemical cycling of metals and the formatic
deposits can be attributed to Imuadrodrdl Lacainity968; Cloud 1
Mossman and Dyer 1985; Southam an&étB&&0O&Orij.g€dmAGciRgitl
evidenceifronmgtodies ©ilaswn that bacteria are able to precipit
goldich solutions (Southam and Bé&veRieigb a2008, 2009;
Lengle a2006c, d; Lengke and Southam 2007). The morphol
precipitates so closely resemble the gold found in placers
South Africa s Witwatersrand basin thladsa& iworgEeriausr g pofkd

is now suspected (Wilson 1984; Mossman alhod B;y o dthd&am Mi
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and Beveridge 1994;e198®0 Reiflhhe similar geochemical beh
platinum and gold suggests that a companuddlexdgtle for plati

Platinum, one of the six platinum group elements, is a Vv
1987; Nixon and Hammack 1991). Its concentration in the Ii
can reach economic concentrations in primary andt asreccondar)
Naldrett 200&t Kk@dB&kO). Under surficial weathering conditior
mobile &'somf* It commonly forms complexes with chlorides,
thiosulphates, but amorphgairsicplandn gihadromxmle calboids
occur (Mountain and Wood 1%88al998ssWpowld990; Anthony e
Williams 1994; Atz aa2dW&al; Hanley 2005etCaloBy)o Aqueous
platinum is transported in the surficial environment until c
transha@ation or chemical precipitanhiigmati®wbsendiecdposition
platiferous material may occur (Bowles 1986; Wood 1990).
assumed poirharabyiotic, batddradaed platinum immobilisation n
contributefoontheion of platinum plae¢radx@9ns (Reith

Lengkeet a(20068¢monstriatetd cyanobacteria are able to
aqueoB® species in a stepwise reaction that first produce
extracellular spherical plathrawmndén ®agasnn. The amorphous pl
(1) colloids experienced further diagenesis to produce crys
These experimentawefriemdimregently supported byarnde discc
characterisfitsomll alluvial planinbmmoraincsilogies characteris
platinnemcrusted bacteria. Microbes attacheidef® decaygraqic s

plant root) precipitated platinum from solution onto their st
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thought that continued bisubdaqui®emt eddctrochemical accr
platiniferous nanoparticles likely contributed to the formati
grains (Ceatbah011).

Further investigation is still needed to understand the
platinum bidnmnsiateoa. For this work, biogeochemically divers
proven ability to immobilise gold should be reacted with aq
charactetrheer response to platinum to determine whethe
biogeochemical cycoheexfisddatsnsitudy will empOowpthav udkswes o f
metalliduCah34, formMalwersia metglRdlstaoamsa metallidurans
Ralstonia ewmdydbhaligenes euwromeusllidsramsaerobic, gram
negative, facultative chelmolisloapeypbrtdteobactlemrowwm for
being restictdm toxic efieoatbesfod metallecgc@uio®Pd,, Zn, Cd,
Ag and(Mergeaty all985, 2003 ptR&d0i06, 2007 anadt GAOB@.
Resistance is primeadillyydwclilitahs prolrPiange efflux proheins i
cell envelope and cation reduction mechavhiistitayeinbéba cytc
shown to confer metal immobilisatioat (A2@G5]1 9®@iitlaledrich
2007). This bacterium wlsihguod tbebsurface of gold grains
from auriferous soils in northeah 242680, lid00Meittduilsured
bacteriaumd reacted it with -aglbcrods g@bd nestallid@ampadsy
precipitated gold withinuhe.uffdicf kaxqptesiunaccamidiagtetogold
suggests that a multidisciplinary study of its rellotiMéy with
secies found in natush&loudgstgmosiuce comparable reactivit

platinum.
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3.2. Materialetaod sm
Cwriavidus metaldudturrenss

Cupriavidus metaltlidiura®d 34 ®(ATFLCABacquired from the
American Type Culture Collection in Manassas, Virginia U
ATTEprescribgeuidiimedium contaimémpgoBbegAnd b3 eff @t
(ingredients ®N WBtaiceot Broth [Difco Laboratories; Detroit, M
Before experimentation, the culture was transferred (~10%
stationary/early death phase) to 13 x 100 mm bowbsHicate d
(capped with plastic push caps toexxlhawgéoranfded¢o gpsever
evaporation and contamination) and grown to early stationar
maximise the amount of metabolically active biomass. These
irctubated at room ten2@Be )t wmed €2 layamice aOntdons.

After incubation, separate hatohesSWené pFadtcen tubes
thoroughly vort&xéhgMWy Vortex Mixer) to ensure a consiste
For the platinuimsiannobexpelrimknabkigutdtd acfterial suspension
were transferred to micracnantrafvgsteubéy can tl 2f,BPd#®ion
for 5 mising a VWR Galaxy 16 microcentrifuge. After ce
supernatant was deltarcteldsawdreomcdeyhessispensnodilter
sterilised distilled, deionis@the(@BIl)s wadee thoroutphly vorte
remowa@y remaining cultuAttemewdautghendacterial suspension
centrifugeaiat 12, X0@of 5 mime supernatant wasndisicarded
bacterial pelletssu swexrredterel thre experptedniam solluhgortal

number of bacteria in awasshedesammmpelé by the direct countil
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using a RPlanodér Countirega@thpdndbse contrast light enssroscope

Fluorescent Z1 microscope).

C. metallidaumrdnssqueous platinum experiments

The bacterial experiments were conducted GQo examil
metallidunatlse-immobilisation of platemws Slmticoqus of platinu
(11EhlorideP (& Prenfjo%9.99+% [metal basis] APfa 46848 min;
Ward Hill, Massachusetts USAXlodigealiPt@mm Polrgd .99+ %
[metal basis], Pt 57% MinP lAltfiam ure saissoleed dwaxbi at
16.2 M@ obtained from a Millipore system

Wash€d metallicslamapbes weusprended in 1 mL aqueous ple
solutions (from stock solutions of 0.5 pM [0.1 pg/mL], 5 uM
pug/mL], 500 pM [100 dp@/0I0] |aM [UgYV@OL] finfdlorP tH't
concentrations) at room -28f(gerr altumenr(21 Way, 2 weeks and
weeks. Experiments were maintained in the dark because pl
when exposed to light a@loedrogiecrocentrifuge tubes containir
bacteplatinum mixture were only removed from darkness to
during longer exposure times. Reactions were performed in t

Following exposure, reaction tubes weXegekemarniuged at
andhesupernatant was removed for ofheediddab n@allaiea s m
remaining bacterial waslhedd Werssal dpyension -shefilliseld DD
water to remoneeantyed aqueous platinum and th&ngckortrifuge

5 miBxcess water was decanted and thsurseertdddcudtarenlwas
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filtesterilised DDI water in preparation for whole mount t
microscopglgeoexamination of bacBeacadérvadboetilthetstahlaeg were

thisectioned wes@pearded in 2% glutaraldehyde rather than wa

CmetalliduragseoRf-chlorided Ptchloride kill curves

The efbdcaquedlirshloriaed *P-ichloriade bacteria viability wa
determinxzidife spread plate method. Rvasthted asadspenared
in 1 mlwatemnd usea serial dilutiontiisétresedsrilised DDI water.
Each dilution was plated in dhbeetifc @tebgae tp eptteondehat containe
(in lg/ @ptone, 5; beef extract, 3; agar, 15 (Difco Laboratorie:
for 4 daysroom tempera8Cne u(@dler ambmeastpheosnaditions.
Colo#igrming {QiES8Were couwitehd the aitlesd Brunswlidlo C

Colony Coumtangwial counter and probe.

Chemical analyses

Platinum concentrations were measured over the cour:
using a Pelmker Op30W® DV System Inductively Coupled Pla:
Emission SpectroA&tR)y. (ICsRrumental fommentauneyg platinum
wasb%, watchetection limit of 0.05 pNo a0 & spenelSr.were
diluted as necessasyewiilibefdltD| water (Table 3.1). Platinum
calibration werewptepageéduan®fPstocklwstoons used in the
laboratomay€d metallicaurdhragyueous pkapteniments. These calibra

standards were diluted by the same factor as the correspon
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(TabBel)lhe pH of the stock solutions wasnmeraduoséedumeimtg

Basic pH meter. The electrodes were calibrated in buffer sc
Analytical uncertainty of pH measurements is £0.01 units.
solutions after exposure to bacteria was comtpansdusonghe p

ColorpfBethleeding Indicator strips.

Transmission electron microscopy (TEM)

Unstained whole sample mounts Bnd @hcronsecti¢psioaf to
reaction with the Pt ®drledica@s)meeridllidwue aa se x a msiegd
Phillips-1l@OMtransmission electron microscope (TEM) operated
ultrtehin sections). The whole mounts were prepared by floati
Sciences (EMS) Formovatredat®88h copper grids on a drop of ct
seeral minutes to allow the bacteri&rtiadsawvseaeb thenhwaghed |
gentle dipping into a-sdeaplisédfiiBd water. The grids were
completely air dry prior to microscopy.

Samples forhintsactiwaregfiaedrnight (kpgRrLbaraldehyde
(EMS; Hatfield, Pennsylvania USA). Fixed cultures were sul
14,000 X g for 1 min. The supernatant was discarded and th
was enrobed in 2% (weight/volumed)ablohadeorAga)y éDdfabehydra
using a 25%, 50% 75% and 3 X 100% acetone series (incubz:
The acetone was slowly replaced with andEMStenmoxwasesil
incubated ratntehvals in a 50%:50% [v/v], 2%%90%%[JW}y] an

acetone:epoxy resin series). Epoxy resin conEanbed a 2.5:2:1
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Table 3Dilution facPdtandft supernatants and standards. Dilu
required because submitted sampleseanduddi aldtd B Cded a col

Yag/mL).the linear portion of the standard curve.

Initial concentr Dilution facto
of platinum for 1QAES
5000M/0r 1000 ¥ 100x
500 Mawor 100 Yag/ 10x
50 Mor 10 Yag/m 10x
5Mor 1 Yag/mlL 10x
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812, DDSA (Dodecenyl Succinic Anhydride) and NMA (Nadi
Samples were incubated overnight in 100% epoxy resin and
with fresh epoxy resin containing thd0 atzedebdator

tri(dimethylaminoetieyM)$heRatios by volume were 2.5:2:1:0.1
were cured in a 60°C oven (Blue M Electric Company Bacte
Gravity Convect8als) tartil hard. Embedded stammpleschenaed|tr
using Reicdlantg Ultraclatathicrodagmepedawbtiimtome!™ diamond

knife to a thickness of 70 nm and c o |-eoceedd -oid o raopgpreicarb

grids.

X-ray Absorption Spectrosdadpyc6Xl&8)ion
XASenergwyeasurenfeots the b-pdcaeirmam re,aiqtcbnding
XANES -fXy Absorption Near Edge Structure) andhyEXAFS

Absorption Fine,®%&enectauorducted at the PEoifso Niormywe st

Science diARNKBS®SD) sectBM2Deamline at the Advanced Photol
ArgonNational Laboratory, Argoniiége IbbndasidhSatate of plati
can be determined by XANES while information regarding t
locaxloordination of platinum is provided by EXAFS data. Det
state andgbpmeditmers of platinum will shed light on how aqueo
bacterial cellset(la80Bd). XAS energy measutgedgetswefethe P
collected from each sample and were calibrated to the infle

11564 WNlliams 2001).
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Prior to any XAS me@sumnetnad hithue aensreacted ftdhlédowing
previously de€faumpbeadiius metalMdapuaoss plakim@e@mmments”

For XAS, replicate reactions were hariveseelds bweltetptdifugatic
and-saspenichedO0OOweltem order to concentrate the sample for b
detectionreflcéed basderpads were then placeslisitartntatlian
fluid cell wititotetddnkapton filmorwiercowspettedg dirtectl
Whatnfa?2 Ashless Filter Papers. XAS measurements on the
conducted in fluorescence mode.

Reference compounds were needed to determine the ct
platinum in these reactions. Standardsenartthag lecgealsent the
the moiktelyxidation states and bongimgimpumtresxseotfed in th
reactbdcterial sd8mpl&XAS spectra for model compounds inclu
(IV-chloride 4Pt@latinumcy@dwideP{KCd)) platim ¢¢thloride
(kPtQ), platinumydhildeP{KCN) and platindetrdblmine nitrate
((NB)Pt(NP) were measured in amgueansnfisramdngubdetocks
(upo 65 mMwe)re prepared from solid compounds wAthout pH
spectra for platirokmde (I1MydratexHOBtO platinuncis(l1)
damminedichloride (cispdftim]lartON-Bulphide (PtS) and platin
foil (Pt) were measured in solid rhordre ichuerdosthesisionsoluble |
Withhe exception of the foil -anptdppidéinume (diandards were pl
teflon fluid cells with kapton film wsinlgptrwebe Rbastinaupre(dipita
and was concentraidd | ppidd@. M 13 mm membranadéillters. M

compasnwere commercially &dbaiA&daaimdo @ ighdritpwith
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exception of platudnphmikith was synthesized in the laborator
equal molar sobhugtueonsi soplatiaular (did (&lwith aqueous sodium
sulphidey®rate,gNogd] (J.T. Bakridlipsburg, New Jdpsey USA
produclklacktS) precipotaftiemed b.ylld $¢ference spectrum of
platinum foil was simultaneously collected during measuren
reacted, bactkegsa lsecmgpent energy from the beam did not alte

the standards or samples.

XAS data analysis
ATHEN&nalysis software was used tPpRpwvedeassdXMEwd altl @

2005BEnergy scans from samples and standaideedetre tdedibrs
standard platinum foil reference energy. Multiple scans wer:¢
and were averaged to produce a single spectrum representa
and complexation state .inXAN&S samegdertdhewengea yby
comparing the energy position of the platinum edge in the r
thenergy ¢édgation from the standards. Linear combination f
mathematically identified which standard(s) aligned with t
immobilized platinum. Energy position alignment corresponde
the immobilized platirumdQ0Dé&nNgkeE XAFS data analysis was p
in ARTEMIS, a XAS analysis software program complimenta
and Newwi0b&b). Mathematical derivatives of post edge enel

bound platinum in the bacterial samples were fitted to post
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platinum in the Besmkdatdgnment, normalized tetphadamdms, chlc

indicated ipobotleimtding partners of the immobibzead0pBd)num (Le
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3.3Results
Laboratbreysed. metallidaurdnsqueous platinum experiments

The additikkPtgGand®tGlko filseerilised, DDI water promote
hydrolysis ofswiatckic,abed by a drop in the pH of the overall s
KePtGbkolutions was 5(A0®Q/ mL; pH 30 (100g/mL; pH 5.2)
50M (1¥g/mL; pHaBd8M (¥g/mL; pH Bhé)pH aofat @M
(1000@g/mL; pH=2M) (100g/mL; pH 38M)(1®Wg/mL; pHarid 15
™M (¥%g/mL; pH Bhd pH of nluenpdatution after reaction with ba
not change significantly from the pH hoef allel i sitoore K Gl@Q Do n .
KoPtGlturned the pellegtraybcomur at 1 min, 1 hr, 1 day, 2 wee
exposure times. Similardy, 5010 aRtgdlibidhe washed bacterial pe
immediately turned the white pellet yellow at all exposure ti
were much fainter or not identifiable at lower concentratio
provided macroscopicpeatdenmewtthsatbbinding to the cells.

Table 3.2 and Table 3.3 were prepared by comparing e
count to the unreacted count for the appropriate exposure ti
to a standard CFU cdunRU(/EmQ)XtolGlloins cropaween exXposure
times and treatments. The experiments demonstrated that ce
upon exposure of bacterid atod 4®D@nloMcdAbnies grew. Platint
toxicity was directly proportional to concentratiéh and ex
solutions being slightly leés sooxiicontshaflorP&a given partic

concendnati
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Table 3Taxicity studyCwheeeallidmaanseacted with Aqueous
solutions. Increased exposure time and increased concentraf
viable cells, as indicated by a decrease in CFU/mL.

Pt* CFUmlafter] CFU/mL afl CFU/mL af

concentratf 1 min expo 1 hr exposl 1 day expo

OuMor 5.0 X810 5.0 X810 5.0 X210

0O ug/mL

0.Mor 4.9 X810 2.7 X810 4.6 X810
0.1 pg/ml

SuMor 3.7 X810 3.2 XF1 4.3 X610

1 pug/mL

50uMor 4.1 X810 1.3 x’10 2.1 X310
10 pg/mL

50@Mor 6

100 pg/m 9.9 x%10 0 0
5000Mor

1000 pg/m 0 0 0

Table 3TMaxicity studyCwheeeallidmaanseacted witlPtdqueous
Incresasreed temp and increased concentration resulte

solutions.

viable cells, as indicated by a decrease in CFU/mL.

P4+ CFU/nelfter CFU/mL af CFU/mL af

concentratf 1 min expo 1 hr exposl 1 day expo

OuMor 5.0 X810 5.0 X810 5.0 X210

Oug/mL

0.Mor 4.5 X810 3.2 X810 3.3 ¥10
0.1 pg/ml

SUMor 4.9 X810 2.5 X810 7.6 X710

1 pug/mL

50uMor 1.1 X810 6.4 ¥10 4.8 X310
10 pg/mL

50@Mor 2

100 pg/m 6.6 X210 0 0
5000Mor

1000 pg/m 0 0 0




53

The amount of soluble platinum remaining in solution w
AESThese results were dherromudttantiheg concermtadizensto 1
mg dweightCofmetallidurédinesveraged to detemtiné phatiammu
immobiliZende. mas€ .ofmetallidwaansalculated using the mass
Escherichimeldo(R2.95 % d@ry weight per aeldlatiav esrraape d
bacterium approximately ~23% |a€gem étya |Vicldremsidad n
all1990). Volume esGmatesalflodwmeasmmsbased on diameter and |
measurements of bacteria shown in ttheuadc®iEMamycnggwamhe
(Figsera.1l, 3.3,.8n8,.6). As rod shaped macdeldex aaaydbra
bounded by two half spheres, the volume can be calculated |
Bankston 1988).

V = 4/3(ArAr (1)

ICFAES results are shown in Tables 3.4 and 3.5. Imt
immediat@lon exposure to platinum. As exposure time incre:
concentration, the amount immobilized also increased; howe
at these longer exposure tinthse dade nomnmodttized haet 1 min
effective canioentrf platinum abslebiadteediwjtbased on cell vol
exceed the T = 0 solution concentration in all reaction syste
C. metalliduWedbsturation was not radcdred dagepxposure time

bacterimoDD pffsPlutions
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Table 3Mmobilisation st@dynetediedua seacted agidb ARS
solutions. Measurehieatisreareoncentrations within the bacter

andsg Pt immobilised per mg dry oedigicdredsieaceexppabure tim
resulted

in increased immobilisation.

YR Immobilisa Immobilisa Immobilisa
concentrat after 1 mi after 1 hi after 1 dg
exposure exposure exposure
(mM; Yg/m (mM; Yag/m (mM; Yg/m
5 UM or :
1 pogil 1.80.4@ 1.60.4 153.5
50 uM or _ , .
10 prgl/ 51; 13 44: 11 67; 16
500 uM o ) . .
100 o/ 120; 28 120; 29 410; 100
5000 pM ( . ) .
1000 ma/ 850; 210 800; 200 850; 210

Table 3lL.fimobilisation stGdymw halléedua s nex p baaedi e RS
solutions. Measurefinecotiseac®ncentration within the bacterial

Y2g Pt immobilised per mg dry weiglintc refaseaktexipdsaedlstim
resulted in increased immobilisation.
Pt Immobilisa Immobilisa Immobilisa
concentrat after 1 min after 1 hi after 1 da
exposure exposure exposure
(mMYg/mg) (mM; Y%g/m (mM; Yag/m
5 uM or
1 pgil 1.60.@ 2.60.6 9.62.4
50 pM or - :
10 gl 112.7 133.2 409.8
500 puM o , . .
100 o/ 45: 11 160; 40 210; 51
5000 pM ¢ i ) )
1000 ma/ 310; 75 350; 84 870; 210
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TEM

TEM micrdhgragf€. metallidexansed to platinum solution:
presented in Figures 3.2 to 3.6. Micrographs of the contro
shown in Figure 3.1. Note that the cytoplasmic contents ar
3.1A. Furthermoreketanteahdahe cell is lacthimg siecthamiud bhraw
Figure 3.1B. The cell envelope is visible as a white halo
staining was applied to these bacteria; therefore, any diffel
following gricpbs are attributed to aqueous platinum.

Figure 3.2A demonstrates that bacterial staining occl
exposure to 500 tudwweérmer, not all bacterida vadre mtisined
platin@enerally, longer exposurerkiamestaevieagledsgpacially af
pole(digure 3SdBne bacteria producedaleampoéatenuen colloids a
dayFigures 3.2C Hadobhprticles were not observed at shorter
Fgure 3.3A shows thadoatelbemdneridl nccetllisimdd platinum from
5000 pM*®dlution. The majority of cells were stained witk
exposure time point &dld bestcflehia were observed to be consi
after 24 hours. Platihaurm adodlbiwas oblweawnadalptekposure
times (Figures 3.BxC, FHganel 3.3C shows a partially lysed b
platinum nanoparticleto plasmdicirnateriadoWdlbéyaisesponse t
platinum toxicity and/or the pH-bfinheeso UEM nmidtorggraphs of
bacteria exposed t6"®&008hoW Pt Figure 3.4. Platinum nanopa
along the periphery of the cell wall, within the cytoplasm,

vesicl@s metallidukalhgesleased membraase ageievemesisuee
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5000m

500 n

1

Figure 3AlWhole mdouEMNM micrograph of af.umretadltieddirans
bacterium. Phosphate bodies within the cell are clearly visi
generally electron Bahsptarieretdathuht section TEM micrograph
unreacCedmetalliduvates the internal detail of cell is lacking

was applied.
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A B
500 n 500 n
1 1
C D
100 n 50nm
1 W 1

Figure 3Whole mount TEM micCogmapaldidémwarised with 500 pM
(10%g/mRy"forA:1 miB& C1 day: Micrograph of squared area n
C. At 1 day, all cellsBwbud sbaneede(ls produce@lan®phoparticle
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500m 500m

250m 250m

%

ﬂ 2%nm 250rm
1 1

Figure 3W3ole mount TEM micCognapdldidixrmansed to 5000 uM

(1000 pghtipr:A:1 min. Binding of Pt is minimal as cell rem
electronptreer®& C1 hbEandé: 1 ylaAt longer incub®tkpn times |
cell staining is apparent in all cells. Some cells show nanop

indicated by arrows.
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A B
5000m 1000m
1 \ 1
C D
50Gm 10Gm
1 1

Figure 3UH#trehin section TEM micograpsieaikrmosed to 5000

HMP%"for 1 WrNanoparticle Pt along BEeMienwvegrlapk.of square:
area notAdCinMicrograph of immobilised Pt along cell envelo
cellD: Nanoparticle Pt immobilisation alongethmemebirphery o

vesicle.
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tokeep toxic material away froet 846 06al;| Rdee PO ).

As indicated by the micrographs inCErigueéeasllBdbramsd :
respondel gol®Pttivach like it debltwtidnstaddalhg appeared to be
immediate lwwmmpdete at(ARiguire 3.5A). Lomgetrimegpomsnoduced a
darker stain and |lpredeuemadalat the bacterial cells poles
nanoparticles were observed to precipitand avotrhgnthhleeceellle
(Figures 3.6A and B). Cell lysis was''‘cbseengdaaitob80 R ¢ M aPste
cytoplasmic material bound platinum n-&noplasrtwdtas500iQ urel 2
Pi*solutions, cell lysis could have beeoh&oridssedhseheo Iplhatin
pH of the solution, or a combination of both

It was noted that cells adhered to each other upon
solutigesshagpss a restHe ofeutralization of anionic charge grou
envelope by padadnasmdronium, allowing hydrophobicity to «
aggregaf@ohdbextg al19P00This response could protect some
interior by shielding them from the platiatus®xpdaiplexkeys. Th

immediate platinuna s iroditsreg bealll cells

XAS Spectra

XAS spectra in F3garelso®.the speciation and binding pa
platinum immobilized by bacteria. Figure 3.7 is the XANES s
with 5000 uM (1000 'agibfoPtup teeksy The peak edge bind
energy ofisPslightly less thmeakhen®icating that electrons a

more tightly in the more oxidized platinum species. There is
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A
1 m
1
B
1 pm
| |

Figure 3WHhole mount TEMpmsc@8bgmatallidewarised with 500 pM
(100 pg/PitflorA:1 min; @nd day. As incubation time increased
became more pronounced. Colloidal platinum was not obser\



A B
=
250m 5000m
1 1
C D
500m 10Gm
1 1
E F
1 %m % 200 m
3 | —

Figure 3.8EM micrograpbhs métallidueansed with
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5000 pM

(1000 pgPhEdrA:1 min (whole Baolumt);(tHtnasecfbm)as been
immobilised at the cell envelope &nld WihhiQwthoe ecEgb.ynt);
F: 1 day (whole mounE)an@ehlsvéenlysed and cytoplasmic mz:
possesses colloidal Pt.
becomes more pronounced at lon@E). incubation times (

Arrows

indicate

immobilisetlsPt nan
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energy for either immobilised platinum species, indicating
did not detect a change in platinum oxidaxpeaeriowentsheltcosur
important to note that at least 10% of the immobilised platin
synchrotron radiation would detect the change in speciation
are representative of the XANES spectratr@aitanseddatalowver
shown).

Figures 3.8 and 3.9 show the XANES and EXAFS spectl
with 5000 pM (1000%')fgtm4)wrRreks. Similar spectra were ob
reactions with 5000 puM (1D0ds wgemLasPwith 25a0di™t Pt
solutions (data not shown). Examination of the EXAFS 1
demonstrated tiCdt thregdrtprint decreased in intensity over |
that the chlorine ¥owasd replBted by another binding partne;
indicatleat the replacement was immediate , as the shorter
between bonds occurred within 1 min; however, gradual imn
Pi*with substitution of chlorine continued over the 4 week
replacingriche is best matched to oxygen on a carboxyl group
indicative -Of moRPd on carboxyl groups is ~2.06A, which comp
2.07 A and 2.08 A bond eitstd888s AQkbatinD000; Mdret

al 2009)
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3.4. Discussion

The interacCiometfalliduitdnBtanld ,KtGlFesulted in a variety
of bacterial responses: cell death and cytolysis, platini
nanapticle formation, which were directly proportional to pla
time (Tablgdss53B..2

The literature lacks consistent €Xprdi‘Recomall edeetis oon Pt
PotentidkcdPmplexes pmesteentreactions systémsP i (@ lgded Pt
Pt Likely " dotmpounds indlucPed@®tand RtCIbut very little
data exists for th(EBewbpxcli@86, Mountain and Wedodl.1988;
1992; Azaeb@d001l; ColembB2008). EXAFS conifmummedoplide
to be the dominant agueous species prior obsrerarctdompwakle b e
of thedtaP®Pt' complexes from sohwstiotrens with thde $ictiebaetdire
uptake of other metalse,bymbeccieisaticat oltceuasll envelope an
within the cytoplasm (Beveridge and Murray 1980; Nies 1999

Platinum stadoumged throughoandtmanogléoticheion and
immobilisation occurred aantewcthlinsuh@actleslurface reactivity
controlled by the proton exchange e@QP&OH)y plhosprbonyy! (R
OP@®M,and (RP()OK) amindHR and hydre@#l) (Rinctional groups
on the memlhraié.but the 500 pM ah'dcem@@O MM RDsSt carbox)
groups wouéd ble®an deprotepatedatively charged and availa
reaction with oxidisetopimitbracnmine and hydrowgllgrdwaye
remaimeastpyotonated and positavetlhyecphnldrgenditions consister

the acidity of mlquienouns solutions used in(Bliserddpgeriament
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Murray 198®t R#997; Gatn®0063ANES and EXAFS spectra cle
show the replacement of chlorine for oxygen on carboxyl gri
binding mechanism. notisgwith@himmmobilised platinum occurr
platinranmgano complexes at the cell surface and in the cyto
orgapoatinum complexes may be preferred to inorganic comp
presehltis process has béeim dasaradwlystentarboxyl functionze
groups on soluble organic acids are able to react with platin
organoomplexes (Vlassopalul9g0; W00, Weddal1992;
Kubrakevad011)

As suggested bgeBawdriMurray (1980), platinum binding
envelope likely proceeded first as a stoichiometric event w
platinum and then as a nucleation event, where nanoparticl
nosstoichiomashicmoh, whn¢chneed at a slower pace, iThe occurre
pogressive stainiagdotheelflesrmation of nanoparticles at incre
times and concentrations indicated that this prece s acay ha:
systemBlatinum iimaetobdbnl was also observedTimethapcygtoplaken.
of platimay have odercrasde membrane transporter fporoteins w
regulatentreytbese partiecmlpoasgmndk.all complexes freely entere
cell driven by iosanohiemgradient that existed (Acess$9thE) enve
Passive diffusion would have ceased areraegpyatinstantane
concentrations witlhgimatlheecplhtenum concentration within the

Aqueous platinum thrag entceumadheutral pH of the cytoplasm
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bound to deprotonated functional gwouparkaondylcdumpdevadl
groupBeiat all997; Geinad006)

Bacterial cells that remained viable following exposure
platinum would have presumably initiated a biological respo:
an attempt tolstuevmadisetdls inhibit the function of importan
bind to important functionatogrpepe anderoumportant physio
cabnsDetoxificaeiponses include chemical reduction or com
metal to a less toxic state ametalr toffilleg oGitshdd hofsehe cell
mitigatiesmpondreasan the cell of energy and causleadioogxidative
continued cell death at longéSilenepod 966, tiMieds t MAWPD .
XANES did not indicate platinum redufctdank, teke@ppradamsce
nanomeata@le platinumigotheideytoplasm (and at the cell en
evidemlcat some platinum reduction occurred.

Therelationship between toxicity and immobalization
comparison of Ta$®l8s4 3a@d Talvles3.303Fa particular platinur
species, immobilisatios gemdaaihywmorrehatedneidimitant death
of celésg.ne more platinum that was immobilised, the mor
Resistan€e mfetallidtwrans 4.1, 56*suaMuPibn demonstrates that
toxicity experienced by the celissomnuthen 5@H0wlaM Primarily
due to a platinum effect v8rsular ypHe elflf @letath was immediat
UM and 5000“hswI®ttions, bu€.wheballiduasnexposed to pH
comparable solutions of HCI|, correspondingobeseebvzdf(dath de

not shown). Intuitively, acidic solutions will induce some ¢
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results demonstrate that platinum immobilization triggerec
toxicity.is importantthh@ad emadecells cannot acttiwvalyn, lyetd pla
immobilisation boorcgiftreerdcell, el.gahb 000 pK sotiution killed
bacrtim within 1 minute amadn@balinatmon cDeaidhwedls no longer
metabolise and the proton motive force thlas werfffdugedopsohmris
operateonsequently, there is less competition for platinum to
groups (Urrutiest B3 @2)heTreactivity ©f oheadllidwuealdiss
known tbigber than the reactivi@yiofEai2e0ogédiisthis situation,
the appearance of new reactive sites from denatured cell
cytoplasmic contents likely contributed to the continued im
even when cell deathnwaseous

Further examimatcomparison of Tables 3.2 to 3.5 reveal:
differences betREeaathion systefmgeamndioht systems" First, |
reactionsshighdbkyss toxic “hamhPlé-Bhloride soweipos as
acidic &'scPlorigdel utidrasc,tettiat remained viable follmwyng expo
have bakle to neutralise an’‘dcptimpsoaashéf cttaoniBt .
metallidusrdnsalent cation efflux ATPasesnt(leidratyh, 20 O0thle
bacterium codflidutin@t heighly oxidisedihpdadcenumm attempt to neutl
it internallyhwwaildrought about a fatal oxidative edtraedlss (Nie
20009It. is also importantthhe hateerhatwere ial mm mibiezetanore
platinummf?Pgolutionsfrid®h*solutidir®.m a concentration and ch
character of platinum vs. hydronium, platinum*’syseemed hyd

by approximately 2 orders of magnitude and generally be
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concentraticen B'hsytsitems. TheréfworeldPhave eacsdhypeted
hydronium for carboxyl bindid§woiukd mehvereesd Ptore compet

and therefore less opportunity to be bound and immobilised.
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Chapter 4

Conclusions

The traditional notion that platinum is inert has been
biogeochemical paradigm (Anthony and Williams 1994). 1In
transport of platinum from the nmaetlseubs eaheeatuabiamnic weath
of PGlvearing host rocks is an incomplete metallogeny of pl:
Subsequentoaodrreng dissolution, transportation and precipit
biological and abiotic processegreopmgentiiailkey, are now consic
be key components in placer pladhrsumnétioRoaeoln974; Bowles
Azarowdl al2001; HanlpyRe@d5al2009). The structural and ch
examination of platinum grainsonrefweadlimegs,dicsosobunied with
biogeochemistry of candidate platinum compounds have dem
more to learn about the mobility of platinum in natural syste
has highlighted the importanaedogdanmdadiphuamsecompounds in
platinum exploration, which could lead to applications for th:

With respect to the current controversy nregarding
precipitation and growth of platinumTgaaiets alB@&phlilgisted by
work on Australian platinum grains, which provides clear
platinum found in natural systems ultimately comes from tr
material, supports the dissolutionmgaoumpetidesurhiejiagubeatu
highlight the importance of examining platinum grains in

secondary imaging before, more classic, cross polishing to e
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mineral grains. Deep weathering scars, pits and cavities d:
of platinum grains are important sites of mechanical and m
weathering. SEM micrographs show delicatepdé&r0O mimecabsc |
that could be lost by polishing and wouldn t be as obvious
imagg, which does not achieve the same resolution as se
dissolution of the bulk nugget around these minerals demons
homogenous, reflecting the geological conditions -of the fi
mineraly me left in the regolith or the alluvium. The prese
oxides provides evidence that acidic conditions occur at

presents a possible mechanism for chemical dissolution o
(Guilbert 19i86¢ 2i005).

For future work on this system, the next step in charact
from Fifield requires that they hempoéid huesd ngntheesame tech:
as was used to study their surfaces. Any posesabherinmgk bet
features and the bulk , interior of the nugget needs to be
heterogeneity, from the periphery of platinum grains to th
preferential weathering of the bulk grainCartoeatt da I2lO® c,ubic m
Traoeé al200.8Synchrotron element mappamg lohtewtd rm psaor eb e
interior morphological features noted in microscopy with
Element mapping would likeXRFegderallmiargpot size of 100
detect the chemical gradient from surface to interior and pro

and precipitation processes affecting platinum grains.
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A large number of microorganism have been implicated
cycling of mtetsaisfaceear surface conditions (Southam and S
Reitht al2009; SoethalZ009). The precipitation of secondary ¢
bacteria has been well documented (Southam ared Beveridge
2006, 2009; kenalkeOO06&&h, Lengke and Southam 2007). A co
micromediatedinbmobilisation of platinum was hypothesized
chemical similarity of gold and platinum, but did not occur (I
et all990; Ceabrall2007). Whideiansdmetallidar&answn metal
resistant soil bacterium that hasbbegeoichpimcaebae¢dcyclimg of ¢
(Reitht aR006; 20imobilised appreciable amoumgs %f plati
guantities by mass (see Tables 3t4aastiorB3n5jhetpdadimuon in
appreciable amounts of secondary platinum. TEM clearly den
immobilised at the cell envelope and within the cytoplasm. T
immobilisation was determined by symebustrmmatradmtspreciA
(existing as platinupredlliremtdi@as)y bound to exgasbdxgkygen
groups on the cell wall and within the cytoplasBo(Blegeridge
1986, Mountain and Woodt 1:01889P¢i@dvdall99A zaroealal
2001; Gwinéal2006). Although platinum reduction was not
synchrotron methods, the reduction of at least s-@manof the «
particles of elemental platinum was observedDism tao nbhember o
ubiquitous nature of bRa@tehriauirfaceaenvironments and the higc
both?Pand “Pfor organically derived carboxyl functional gr

suggests thaplatgmmnm must be important in natatialumystems
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bearing materials are exposed to weathering conditions, |l
platinum in association with organic acids and the biosphere

Work into understanding the biosphere si.éntfieence ot
biogeochemical cycam,ohemldidino continue. Recommendation
experiment includ€.empoaihigioramsieous platinum species for
periods of time (months) to promote and examine platinum n
et al(2006a) exposed cyammbeccisrimlatonum for up to a mol
reportednsartron platinum particles. Given that consortia of be
other microbes should be tested for their ability to immobili
Likely, many bacteria areelbler tocppasly precipitate platinur
combined presence in weathering profiles may provide
transformation. Algdatbmacmerimteractions are likely not rest
immobilisation of aqueous plaodimasmcopedieatarhyse the weathe
platinbmaring material in primary ore deposits. The sulphu
Acidithiobacillus thnadoxildanigon and sulp4aidiohkiadbaerllus
ferrooxideorstribute to the supergemetdkashliplgides via met
oxidation and sulphuric &adndemroductSoamim 1970; Lizama an
198%illitoe EHxOkees al2006As platdalphides are the main PGM
most waitbss platinum deposits, includihgfth®omMéar&rfsikya Re.
Bushveld Igneous Complex, bacteria may be able to enhance
the host rocks (Macdonald 1987; Teluk 2001).

The current value of platinum has nearly ma#¢cmed gold -

highs over thmblarsoihyears. Continued exploration and minin
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these prices and companies will loolffectiefdicieandvany arod
processing techniques to boost thei€ .metitaoli diutwe nsCloe erse of
once inacceladibldmgpsolved in mine waste rock piles could img
efficiency for mining companies. Furtherm@remegiavléirdahankink
and precious metals, microbes may one day be used as bios«

platinum enmrishl@erbisier 180 Aaj2B@9t)h
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Figure AS@hematic profile of Fifield Platinum Province latg
Platinum is found in high grade goethite zone.
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